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Reductions in Coronary Flow Under Resting Conditions in Collateral-
Dependent Myocardium of Patients With Complete Occlusion of the
Left Anterior Descending Coronary Artery
DJAVAD T, ARANI, MD, FACC, DAVID G. GREENE, MD, FACC, IVAN L. BUNNELL, MD, FACC,
GRETCHEN L. SMITH, RN, MS, FRANCIS J. KLOCKE, MD, FACC
Buffalo, New York
Flow per unit weight in collateral-dependent myocar-
dium was quantified selectively in seven patients with
complete occlusion of the proximal left anterior descend-
ing artery and prominent distal collateralization from
the right coronary artery by infusing dissolved hydrogen
into the right coronary artery for 10 to 15 minutes and
monitoring hydrogen desaturation in the great cardiac
vein. Coronary flow per unit weight in all myocardium
draining into the great cardiac vein was quantified si-
multaneously by having the patient breathe helium and
by monitoring arterial and great cardiac vein helium
desaturation. Flow per unit weight in collateral-depen-
dent myocardium averaged 38 ± 8 (standard deviation)
ml/min per 100 g and was in each case below the 95%
confidence limit for normal individuals with the same
Selective quantitation of coronary blood flow in collater-
alized human myocardium has been attempted infrequently,
largely because of methodologic limitations of even invasive
flow measurements. Previous studies from our laboratory
(1,2) defined requirements for the measurement of coronary
flow in the presence of heterogeneous perfusion using inert
gas techniques. Patients with left anterior descending artery
stenoses in whom the distal bed receives collateral perfusion
from the right coronary artery offer a unique opportunity to
use inert gas techniques to measure flow selectively in col-
lateralized myocardium. If hydrogen dissolved in saline so-
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rate-pressure product. Flow per unit weight in all myo-
cardium draining into the great cardiac vein was sys-
tematically higher (51 ± 8 ml/min per 100 g); because
arteries other than the anterior descending had no ste-
noses greater than 30% in diameter, these values pre-
sumably reflect mixtures of subnormally perfused col-
lateralized myocardium and adjacent normally perfused
tissue.
The findings suggest that coronary flow per unit weight
is not maintained at usual basal values in densely col-
laterlized myocardium that is entirely collateral-depen-
dent. The reductions in flow are presumably associated
with marked reductions in local arterial pressure and
raise the possibility of a chronic reduction in local myo-
cardial metabolic demand.
lution is infused into the right coronary artery, recirculation
is negligible (3) and hydrogen reaches the distal left anterior
descending bed only through collateral channels. Venous
outflow from the anterior myocardial wall can be isolated
by sampling from the great cardiac vein rather than the
coronary sinus (4). Therefore, hydrogen exchange within
the collateralized bed can be monitored selectively in great
cardiac vein outflow, without interference from hydrogen
exchange in the distribution of the posterior descending
artery when the latter originates from the right coronary
artery.
Perfusion within the collateralized portion of the anterior
left ventricular myocardial wall can be evaluated in relation
to perfusion in adjacent, noncollateralized anterior myo-
cardium by simultaneously exposing the entire heart to a
second inert gas tracer such as helium, The latter is con-
veniently administered by having the patient breathe a gas
mixture containing helium during the period of right coro-
nary artery hydrogen infusion. Great cardiac vein and sys-
temic arterial helium desaturation curves then provide a
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Results
right femoral artery percutaneously and isotonic saline so-
lution saturated with dissolved hydrogen was infused di-
rectly into the right coronary artery for 10 to 15 min-
utes. Intracoronary pressure was monitored continuously
with a three-way connector.
During the hydrogen infusion, the patient simultaneously
breathed a gas mixture of 75% helium and 25% oxygen.
Two milliliter samples of systemic arterial and great cardiac
vein blood were obtained during the final few minutes of
hydrogen and helium administration and for 20 minutes
thereafter. Samples were analyzed for helium and hydrogen
in a gas chromatograph. The only change in the previously
reported procedure (3) was lengthening ofthe activated char-
coal column to allow adequate separation of helium and
hydrogen. Values for average flow per unit weight in the
collateralized segment were calculated from the great car-
diac vein hydrogen desaturation curve as described previ-
ously (I); hydrogen was never detected in systemic arterial
blood sampled during or after hydrogen infusion. Average
flow per unit weight in the total portion of the left ventricle
represented in great cardiac vein drainage was derived from
the arterial and great cardiac vein helium desaturation curves
(2),
Calculation of left ventricular mass. Values for left
ventricular mass were calculated for each patient using mea-
surements of end-diastolic inferior left ventricular wall
thickness taken from the left anterior oblique cineangiogram
obtained during the original catheterization study (7).
Representative hydrogen and helium desaturation curves
are illustrated in Figure 4. Findings for all patients are sum-
marized in Table 2 and Figure 5. The product of heart rate
Figure 1. End-systolic (dashed) and end-diastolic (solid) outlines
of right anterior oblique left ventriculograms. Individual patients
are identified by numbers.
(t) (2)
~~~~~~~----"\-----
Study group. Patients were selected for study after re-
view of coronary arteriograms and left ventriculograms per-
formed for ordinary clinical purposes. Coronary arterio-
grams always included multiple standard and transaxial
projections of each major coronary artery (5,6). Criteria for
inclusion in the study included: 1) typical angina pectoris
or a stress test showing exercise-related anterior electro-
cardiographic ST depression, or both; 2) complete occlusion
of the proximal left anterior descending artery with dense
collateral filling of the distal left anterior descending bed
from the right coronary artery; 3) no stenoses greater than
30% in diameter in any other major coronary artery; and
4), a proximal right coronary artery sufficiently large to
admit a right coronary catheter without likelihood of inflow
obstruction.
The final study group consisted of six men and one woman
ranging in age from 44 to 72 years (Table I). Five of the
men and the woman had exertional angina pectoris. The
sixth man (Patient 5) was asymptomatic after a small myo-
cardial infarction but showed anterior ST depression during
an exercise stress test. Tracings of end-systolic and end-
diastolic right anterior oblique ventriculograms are shown
in Figure 1.
Flow measurement. After giving informed consent, the
seven patients were restudied in the cardiac catheterization
laboratory (Figure 2).With use of a preshaped percutaneous
7 or 8F catheter that tapered to 5.5F at its distal end, the
coronary sinus was catheterized selectively from the right
femoral vein. The catheter tip was advanced into the great
cardiac vein for selective sampling from the anterior left
ventricular wall (Fig. 3). A small arterial sampling catheter
was introduced percutaneously from the left femoral artery.
After preparations for the flow measurement had been com-
pleted, the right coronary artery was catheterized from the
Methods
value of average flow per unit weight for all myocardium
(collateralized and noncollateralized) draining into the great
cardiac vein,
The present study was undertaken to quantify average
flow per unit weight in collateralized myocardium, and in
all myocardium draining into the great cardiac vein, in
symptomatic patients with total left anterior descending ar-
tery occlusion but no arteriographically significant stenoses
in other coronary arteries. The rationale was threefold: 1)
the distal left anterior descending artery bed would be com-
pletely dependent on collateral flow; 2) the source artery
for collateralization would itself be unobstructed; and 3) the
noncollateralized portion of the anterior myocardium would
have a normal flow per unit weight. The findings indicate
that under basal conditions flow per unit weight is less in
collateral-dependent myocardium than in a normal reference
group or in noncollateralized myocardium in the same heart.
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Table 1. Electrocardiographic, Stress Test and Angiographic Findings
Coronary Anatomy LV Mass
---
Case Rest ECG Stress Test RCA LCx LAO EF(%) g/m2
Small Rand Not stressed Normal Normal Complete 55 54
inverted occlusion
T, VI-V3 after 0,
and SI
2 Normal sIt < 30% 30% stenosis Complete 77 40
stenosis at ofM I occlusion
midportion at origin
3 Normal SIt Normal < 30% Complete 72 37
stenosis of occlusion
MI; 100% after 0,;
occlusion 70%
ofTC stenosis of
0,
4 QS V,-V2 Not stressed < 30% 30% stenosis Complete 36 71
stenosis at ofM, occlusion
midportion at origin
5 Normal SIt Normal Normal Complete 56 69
occlusion
after 0,
6* T inversion, Angina, Normal Normal Complete 69 54
V,-Vs SIt occlusion
at origin
7 Normal Angina, Normal Normal Complete 56 75
SIt occlusion
after 0,
and S,
*Female. 0, = first diagonal branch of the left anterior descending artery; ECG = electrocardiogram; EF = ejection fraction of the left ventricle;
LAO = left anterior descending coronary artery; LCx = left circumflex coronary artery; LV = left ventricular; M, = first marginal branch of the left
circumflex artery; RCA = right coronary artery; S, = first septal artery; ST t = ST segment depression; TC = terminal circumflex artery.
and peak systolic pressure (rate-pressure product) ranged
from 81 to 146 x 102 mm Hg x beats/min (average 106
± 24 [standard deviation]). Transmyocardial lactate ex-
traction was present in each case. Great cardiac vein POz
levels ranged from 17 to 22 mm Hg (average 20 ± 2).
Flow per unit weight in collateralized myocar-
dium. Values of flow per unit weight in collateralized myo-
cardium ranged from 29 to 51 mllmin per 100 g (average
38 ± 8). When individual values of flow per unit weight
in collateralized myocardium were considered in relation to
corresponding values of rate-pressure product, each was
below the 95% confidence limit for the linear regression of
average left ventricular flow per unit weight on rate-pressure
product in 25 patients with atypical chest pain and arter-
iographically normal coronary arteries studied previously.
Flow per unit weight in myocardium draining into
the great cardiac vein. Values of flow per unit weight in
all myocardium draining into the great cardiac vein ranged
from 44 to 65 mllmin per 100 g (average 51 ± 8). Individual
values were in each case greater than flow per unit weight
in collateralized myocardium alone. In all but one patient,
flow per unit weight in all myocardium draining into the
great cardiac vein also was below the 95% confidence limit
for average left ventricular flow per unit weight at the same
rate-pressure product in the reference group with normal
arteriograms.
Discussion
Technical considerations. Potential limitations of
methods for quantitating coronary flow in human beings
have been reviewed previously (8). The hydrogen and he-
lium techniques used in the present study have been vali-
dated experimentally in abnormal and normal situations, that
is, in circumstances in which heterogeneity of perfusion
within the myocardium is abnormally large (2,9). Each mea-
surement represents an average value for flow per unit weight
in the tissue included in the measurement. Although flow
per unit weight is invariably heterogeneous within this tis-
sue, the spatial pattern of heterogeneity cannot be discerned
from the pattern of inert gas desaturation (9). Because hy-
drogen exchange occurs at the capillary level, the values of
flow per unit weight obtained from hydrogen desaturation
include all flow reaching the distal left anterior descending
bed, that is, collateral inflow originating from the left coro-
nary artery, its tributaries and the right coronary artery. Left
to left collateral channels may have been of limited impor-
tance in the present study, because they were not prominent
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anterior myocardium. On the basis of the data in Tables 1
and 2, the amount of noncollateralized myocardium in-
cluded in helium measurements probably differed among
patients.
Reduced flow in collateral-dependent tissue. The most
impressive finding was the consistently low value of flow
per unit weight in the collateralized coronary bed. The av-
erage hydrogen value of 38 ± 8 ml/min per 100 g is only
half of the average value for left ventricular flow per unit
weight observed under basal conditions in patients with
atypical chest pain and arteriographically normal coronary
arteries (2). The helium values for flow per unit weight for
all myocardium draining into the great cardiac vein are
considered to reflect average figures for mixtures of colla-
teralized myocardium and adjacent normally perfused tis-
sue. In each case the helium flow value exceeded that for
hydrogen. In two of the three patients in whom the differ-
ences between helium and hydrogen flows were greatest,
the great cardiac vein sampling catheter was not as close to
the anterior interventricular vein as in other individuals and
a marginal vein was identified as contributing to the sampled
drainage. The proportion of noncollateralized tissue in-
cluded in the helium measurement was presumably greater
in these patients than in the four patients in whom helium
flows exceeded hydrogen flows by 12 to 13%. The overall
results suggest that perfusion in the collateralized left an-
terior descending bed was systematically less than simul-
taneous perfusion in adjacent noncollateralized myocardium.
Possible bases for flow reduction. Limitations of rate-
pressure product as index of oxygen demand. The consid-
eration of values of flow per unit weight in relation to rate-
pressure product allows perfusion to be considered in re-
lation to a commonly employed index of overall left ven-
tricular oxygen demand. Figure 5 indicates that the observed
reductions in flow per unit weight in collateralized myo-
cardium were not secondary to a systematically lower rate-
pressure product than in the reference group. However,
..... . ...
GCV H2 &. He
t "Coli. Coli. Area +
Area Adjacent LV
Figure 2. Schematic representation of experimental protocol. A
sampling catheter is positioned in the great cardiac vein (GCY).
Solid dots depict the distribution within the heart of dissolved
hydrogen (H2). which is infused into the right coronary artery
(RCA). Hydrogen measurements in great cardiac vein blood reflect
hydrogen exchange in the collateralized left anterior descending
(LAD) bed. The shading represents the distribution of helium
(He). which is administered by breathing a helium-oxygen mixture
and reaches all areas of the heart. Helium measurements in the
great cardiac vein reflect exchange in the collateralized bed plus
whatever additional portion of the anterior left ventricular wall is
represented in great cardiac vein drainage. ColI. = collateralized;
CS = coronary sinus; LC = left circumflex artery; LY = left
ventricle; POST. DESC. = posterior descending artery.
arteriographically. Helium measurements include not only
the collateralized left anterior descending bed but also what-
ever additional portion of anterior left ventricular myocar-
dium is represented in great cardiac vein drainage. The
relative amount of the latter cannot be quantified and varies
with the position of the sampling catheter within the great
cardiac vein, the presence of early diagonal branches of the
left coronary artery, and the pattern of venous drainage from
Figure 3. Coronary angiograms showing great car-
diac vein catheter positioned in the coronary venous
system at the anterior interventricular vein (AIY).
The catheter has been inserted percutaneously from
the right femoral vein. Right panel, The great car-
diac vein (GCY) and coronary sinus (CS) are out-
lined by contrast agent. PlY = posterior interven-
tricular vein.
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measurements of inferior left ventricular wall thickness (57
± 15 g/m2 , Table 1) did not exceed those reported by Chen
et al. (10) for normal individuals (64 ± 18 g/m2). They are
also similar (54 ± 12 g/m2) to those obtained in 12 in-
dividuals in our reference group (2) whose left ventricular
cineangiograms were available for review and were tech-
nically adequate for the wall thickness measurement. In-
creases in anterior left ventricular wall thickness in the pres-
ent patient group therefore seem unlikely.
Role of myocardial contractility. Comparisons of myo-
cardial contractility based on quantitative left ventricular
angiography (11) were not feasible because flow measure-
ments were performed on a separate occasion from routine
coronary arteriography and left ventricular angiography. Al-
though we cannot exclude the possibility that overall left
ventricular contractility was less in our patients with col-
lateral vessels than in our reference group, reductions in
flow per unit weight in collateralized myocardium in relation
to adjacent noncollateralized tissue cannot be explained by
a systematic reduction in overall left ventricular oxygen
demand. Even if indexes of overall left ventricular con-
tractility could be compared with values in a reference group,
a question would remain as to whether regional oxygen
requirements in the collateralized bed were the same as in
the remainder of the left ventricle.
Role of patchy fibrosis. An additional important issue
relates to admixture of fibrotic tissue with viable myocar-
dium in the collateralized anterior descending bed. A num-
ber of factors make it reasonable to expect some degree of
ischemia-related fibrosis, particularly in the subendocar-
dium, even in patients with normal ventriculograms and no
previously documented myocardial infarction. We cannot
exclude the possibility that small reductions in flow in col-
lateralized tissue relate to patchy fibrosis, perhaps with "is-
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Figure 4. Representative hydrogen and helium desaturation curves.
Hydrogen and helium concentrations are expressed as percent of
the levels achieved during hydrogen infusion and helium breathing.
GCV = great cardiac vein.
limitations of the use of rate-pressure product as an index
of myocardial oxygen demand must be kept in mind. Of
particular concern are the use of peak systolic pressure in
place of wall stress and the inability to deal with variations
in contractile state or identify regional differences in demand
from the global estimate.
Role of wall stress. Chen et al. (10) recently provided
data supporting the concept that left ventricular wall thick-
ness and mass are increased systematically in patients with
multivessel coronary disease, and suggested that reductions
in flow per unit weight at rest in these patients reflect sys-
tematically lower values of wall stress than in patients with
atypical chest pain and normal coronary arteriograms. Our
estimates of left ventricular mass derived from angiographic
Table 2. Regional Coronary Flow. Hemodynamic Measurements and Transmural Lactate Extraction
(A-GCV)
GCV Lactate
F/W, F/W,+n, Catheter BP HR Extraction
Case (mllmin per 100 g) (mllmin per 100 g) Position (mmHg) (beats/min) Ratio
I 29 44 AtAIV 157/81 61 0.37
2 46 52 AtAIV 124/75 86 0.19
3 51 57 At AIV 152/67 87 0.20
4 36 51 Proximal 133/87 110 0.16
to AIV
5 30 65 Proximal 128/80 63 0.31
to AIV
6 39 44 Proximal 138/66 64 0.09
to AIV
7 38 44 AtAIV 165/87 56 0.16
Mean 38 51 142178 75 0.21
±SD 8 8 16/9 2rJ 0.10
A = arterial; AIV = anterior interventricular vein; BP = blood pressure; F/W, = flow in the collateralized segment of the left ventricle; F/Wc + nc
= flow in all left ventricular myocardium (collateralized and noncollateralized) represented in great cardiac vein drainage; GCV = great cardiac vein;
HR = heart rate; SD = standard deviation.
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Figure 5. Values of flow per unit weight (FIW) plotted in relation
to rate-pressure product. For each patient, values are shown for
flow per unit weight in both the collateralized segment and the
collateralized segment plus the adjacent noncollateralized left ven-
tricular myocardium included in great cardiac vein drainage. The
solid black line is the linear regression of average left ventricular
flow per unit weight on rate-pressure product in 25 patients with
normal coronary arteriograms and left ventriculograms and a chest
pain syndrome thought not to represent angina pectoris; measure-
ments were performed using helium desaturation (sometimes with
coronary sinus rather than great cardiac vein sampling) and, in
most cases, have been reported previously (2). The dashed lines
above and below the regression line represent the 95% confidence
limits for individual data points in this reference group. See text
for discussion. BP = blood pressure; F/Wc = flow per unit weight
in the collateralized distal left anterior descending bed; F/Wc + nc
= flow per unit weight in the collateralized anterior descending
bed plus the adjacent noncollateralized left ventricular myocardium
also represented in great cardiac vein drainage; HR = heart rate.
lands" of viable myocardium exhibiting limited contractile
function. Although some of our patients had had episodes
of myocardial necrosis before their flow measurements, all
had evidence of residual ischemic myocardium within the
left anterior descending distribution, as reflected by angina
or exercise stress test results, or both. If reductions in flow
per unit weight in collateral-dependent tissue to approxi-
mately 50% the value of flow per unit weight in normal
individuals were to be attributed entirely to admixture of
scar tissue, the collateralized beds would need to contain
approximately 50% scar tissue.
Related studies of collateral flow in human beings. As
emphasized recently by Gregg and Patterson (12), the ex-
trapolation to human beings of findings in experimental
animals is complicated by species differences in collateral
circulation and an inability to model human coronary artery
disease satisfactorily. Coronary arteriography may some-
times underestimate collateral circulation because it is dif-
ficult, angiographically, to evaluate the contribution of in-
tramural collateral vessels less than 100 to 200 11m in diameter.
Cannon et a1. (13) illustrated that xenon-B3 injected into
the right coronary artery does reach collateralized myocar-
dium distal to an occluded left anterior descending artery
and that precordial rate constants of disappearance can
sometimes be recorded from the distal left anterior descend-
ing distribution after left coronary xenon injection in patients
with left anterior descending artery occlusion.
Indexes of collateral circulation such as peripheral coro-
nary pressure have been evaluated intraoperatively at the
completion of bypass graft surgery (14-17). Although the
functional status of collateral channels after cardiopulmon-
ary bypass could differ from usual conditions, findings have
been quite similar in studies from four groups. Observations
concerning peripheral coronary pressure and reactive hy-
peremia are of particular interest. Peripheral coronary pres-
sure provides an index of intraarterial pressure in the col-
lateralized bed. Smith et a1. (14) and Oldham et a1. (16)
reported mean peripheral pressures averaging 28 and 22 mm
Hg, respectively, in series of six and seven arteries with
complete proximal occlusion. Mean pressure gradients across
the occlusions averaged 46 and 63 mm Hg, respectively,
further emphasizing the substantial reductions in distal in-
traarterial pressure in cases of complete occlusion. Smith
et a1. observed increases in local clearance of xenon-133 in
all six arteries with the bypass graft open as opposed to
closed. Oldham et a1. noted reactive hyperemia occurring
after temporary occlusion of each of their vein grafts, a
finding which also indicates that flow requirements imme-
diately after cardiopulmonary bypass could not be met by
the preexistent collateral circulation. Flameng et a1. (17)
reported peripheral coronary pressures to average 41 ± 3
(standard error of the mean)% of systemic arterial pressures
in nine chronically occluded arteries with arteriographically
demonstrated collateral channels. Reactive hyperemia again
occurred uniformly after transient bypass graft occlusion.
Goldstein et a1. (15) found peripheral coronary pressures to
average 50% of simultaneous aortic pressures in arteries
with subtotal occlusion that were densely opacified by two
or more large collateral vessels at the time of preoperative
angiography.
Implications of current findings. The present study ex-
tends the information currently available on the human coro-
nary collateral circulation by providing selective measure-
ments in conscious persons of average flow per unit weight
in myocardium that is entirely collateral-dependent. Because
the patients included in the study came to our attention as
a result of clinically troublesome myocardial ischemia, the
findings do not necessarily apply to all patients with col-
lateral-dependent portions of the left ventricle. The data
indicate that flow per unit weight in the collateralized bed
in this patient subset is less than flow per unit weight in the
adjacent left ventricular myocardium and in the left ventricle
of normal individuals. On the basis of the intraoperative
studies outlined, intraarterial pressures in the distal left an-
terior descending bed must have been substantially lower
than aortic pressure even under basal conditions. The ob-
served reductions in local flow per unit weight are presum-
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ably related to these reductions in inflow pressure. They are
also compatible with the intraoperative studies showing re-
active hyperemia after transient vein graft occlusion and
increased values of local xenon clearance with vein grafts
open. Therefore, these reductions suggest an inability of
even densely collateralized myocardium to maintain flow
per unit weight in viable myocardium at normal basal values.
They were accompanied by normal arterial-great cardiac
vein lactate extraction and coronary venous levels of partial
pressure of oxygen (POz) and could conceivably have been
influenced by a local reduction in oxygen usage per gram
of viable myocardium. Studies from several laboratories
(18-21) suggest that even modest acute reductions in local
myocardial perfusion are associated with reductions in local
myocardial performance. The possibility that local myo-
cardial metabolic demand can be reduced chronically as an
adaptation to inflow limitation is interesting, but as of now,
unsubstantiated.
The Angiology Laboratory staff at The Buffalo General Hospital offered
superb assistance throughout these studies. We also appreciate the assis-
tance of Douglas Roberts, MD in the early phase of the studies.
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